The compositions of epitaxial ScxGa1-xN films with 0 ≤ x ≤ 0.26 were measured directly using Rutherford backscattering (RBS) and X-ray photoelectron spectroscopy (XPS), and indirectly using c lattice parameter measurements from X-ray diffraction and c/a ratio measurements from electron diffraction patterns. RBS measurements were taken as a standard reference. XPS was found to underestimate the Sc content, whereas c lattice parameter and c/a ratio were not reliable for composition determination due to the unknown degree of strain relaxation in the film. However, the Sc flux used during growth was found to relate linearly with x.
Introduction
III-nitride semiconductor alloys offer a wide range of band gaps from 6.2 eV to 1.9 eV 1 -3 to widespread applications in short-wavelength optoelectronics. However, low internal quantum efficiencies remain a problem for III-nitride-based ultraviolet light emitters 4 . Challenges include the difficulty of p-type doping, alongside the relatively large lattice mismatches between layers within these devices which lead to problems with internal stresses and dislocation generation 4 . Therefore, alternative materials with wide, direct, band gaps but different lattice parameters, such as Sc-based III-nitride alloys, are of interest for improving device performance 5 .
ScN is an indirect gap semiconductor with the rock-salt structure and has been of interest recently for thermoelectric device applications 6 -11 . ScN-based interlayers are also of use as dislocation-blocking layers in the growth of epitaxial GaN films 12 -14 . The band gaps of ScxGa1-xN increase from 3.4 up to 4.36 eV as x increases from 0 to 0.5, while retaining the wurtzite structure 15 and it is known that other physical properties, for instance the piezoelectric coefficient, are composition dependent 16, 17 . A phase transition from wurtzite to rock-salt around x = 0.66 is also predicted for ScxGa1-xN 15 . Therefore, accurate composition determination is crucial in order to understand the composition dependence of the properties of ScxGa1-xN alloys and for device design and optimisation.
Rutherford backscattering spectroscopy (RBS) is an ion scattering technique used for making direct composition measurements without any standard, including compositional depth profiling for thicknesses of up to 2 µm without performing sputtering. The mass resolution of RBS is high, especially for light elements, and an accuracy of ± 1 % is commonly accepted. Another direct composition determination method is X-ray photoelectron spectroscopy (XPS), which is very surface sensitive. However, sputtering is required for depth profiling, which could affect the resulting spectrum, and the accuracy, which can be as poor as ± 10%, is not sufficient. As it is known that the lattice parameters of ternary III-nitride alloys vary as a function of composition 18, 19 , then measurements from X-ray diffraction (XRD) and electron diffraction patterns may also serve as a guide to the composition, as is standard for conventional III-nitrides 20 . However, the lattice parameters of thin film ScxGa1-xN may be affected by strain, which will limit the accuracy of this approach. Therefore, this study aims to evaluate and compare composition measurement methods to determine a suitable technique for use with ScxGa1-xN thin films.
Epitaxial wurtzite-structure (0001)-oriented ScxGa1-xN films were grown using molecular beam epitaxy (MBE) with an N2 plasma source, under metal-rich growth conditions. A buffer layer of (0001)-oriented AlN grown by metal-organic vapour phase epitaxy (MOVPE) was deposited on the sapphire substrate. The ScxGa1-xN film compositions were controlled by varying the Sc flux while keeping the Ga flux constant and the N2 flow rate constant at values which produce a GaN growth rate of approximately 260 nm hr -1 .
Film compositions were determined using RBS as the reference. RBS measurements were performed using a beam of 4 He at 2 MeV with an incidence angle of 0º. A standard detector was placed at 140º and two pin-diode detectors located symmetrically to each other at 165º. The RBS data were analysed using the IBA DataFurnace NDF v9.6d 21 . A Thermo Scientific Kα instrument with a monochromated Al Kα X-ray source (1486.6 eV) was used for XPS composition analysis. Survey scans were performed by focusing X-rays at a spot size of 400 µm with 200 eV while 50 eV was used for high resolution region scans. Sample charging was corrected by a dual beam charge compensation system and the binding energy scale was calibrated using Cu, Ag and Au. XRD for c lattice parameter determination was performed using a PANalytical MRD with a Cu Kα source. Transmission electron microscopy (TEM) analysis was carried out using a JEOL 2100 with a high angle annular dark field (HAADF) detector operated in both dark field and scanning transmission electron microscopy (STEM) modes at 200 kV. Cross-sectional TEM samples were prepared by mechanical grinding followed by ion polishing until electron transparency was reached. The c/a ratio was measured from the electron diffraction pattern at the < 011 ̅ 0 > and < 2 ̅ 110 > zone axes. The compositions determined by XPS correspond to x values approximately 5-8% lower than the values obtained from RBS. XPS carried out as here with Al Kα radiation is highly surface sensitive, with sampling depth < 10 nm. Thus the lower proportion of Sc found using XPS indicates a more Ga rich surface compared with the bulk.
Because the c and a lattice parameters of ScxGa1-xN are expected to vary differently as a function of x, both the c/a ratio from the electron diffraction patterns and the c lattice parameter from XRD need to be compared to theoretical predictions in order to link the lattice parameter data to the composition. Both the theoretical data from Ref. 15 and the measurement show a decreasing c/a ratio as the Sc content increases, however, a significant deviation from the predicted trend is found when the Sc content is over 0.15 (Figure 3(b) ). Comparing the RBS results and x estimated from the c/a ratio, it is clear that x is underestimated at low Sc content but overestimated at high Sc content (green diamond, Figure 3 (a) ). This is most likely due to residual strain effects arising from differential thermal contraction of the different layers on cooling from growth temperatures (n.b. the ScxGa1-xN film thicknesses are larger than the critical thicknesses for strain relaxation predicted from theory 22 and the measured a lattice parameter of the ScxGa1-xN films increases as x increases, consistent with strain relaxation).
In conclusion, we find that although no reliable compositional information (0 < x < 0.26) can be extracted from c/a ratio and c lattice parameter measurements, the Sc flux during ScxGa1-xN growth under metal-rich conditions growth provides a reasonable guide to the resulting Sc content. It may also be possible to quantify compositions using XPS, with the aid of a calibration curve based on high-quality reference RBS data.
